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SUMMARY
Studies were conducted to establish the effects of specimen geometry on
the thermo-oxldatlve stability and the mechanical properties retention of uni-
directional Cellon 12000 graphite fiber reinforced PMR-15 polylmlde composites.
Weight loss, flexural strength and 1nterlam1nar shear strength were measured at
Isothermal aging times as long as 1639 hr at a temperature of 316 °C for three
different specimen geometries. It was found that the three different types of
specimen surfaces did exhibit different values of weight loss/unit area. The
S mechanical properties retention was also found to be dependent on geometry for
c3 these composites. The 1nterlam1nar shear strength decreased significantly over
LU the complete range of aging times. The flexural strength retention started
showing geometric dependency after about 1000 hr of aging at 316 °C. Weight
loss fluxes, associated with the three different types of exposed surfaces,
were calculated and used to develop an empirical mathematical model for pre-
dicting the weight loss behavior of unidirectional composites of arbitrary
geometries. Data are presented comparing experimentally determined weight
losses with weight loss values predicted using the empirical model.
INTRODUCTION
In response to the growing need for high strength, low weight, high tem-
perature materials for aerospace applications, polymer matrix composites,
reinforced with graphite fibers are being Increasingly utilized. The efforts
of Seraflnl et al. (ref. 1) have led to the successful development and com-
mercialization of one such material, namely graphite fiber reinforced PMR-15
composites. Currently this material 1s being used 1n aerospace components
which experience temperatures up to 316 °C.
The selection of composite materials for use at the higher temperatures
depends on many variables. In general, preliminary screening evaluations are
based on the retention of physical and mechanical properties of the materials
under Investigation. These properties Include thermo-oxldatlve stability,
flexural strength retention and shear strength retention at elevated tempera-
tures. As reported by Nelson (ref. 2), a specimen geometry effect occurs 1n
weight loss and mechanical property data for unidirectional composites.
Although this effect has also been noted previously by Burns et al. (ref. 3),
Hanson et al. (ref. 4), and Scola (ref. 5), no geometry Independent expression
has been developed for reporting weight loss data for these types of materials.
No method exists for predicting Isothermal aging weight loss values for com-
posite materials.
This paper examines the effect of the specimen geometry on the physical
and mechanical properties of graphite fiber reinforced PMR-15 composites during
thermo-ox1dat1ve aging. Weight loss, flexural strength and shear strength \
changes are documented as a function of aging time at 316 °C. \
Mathematical relationships are developed to help optimize the design of
aging specimens so the resulting data can be used to successfully predict the
aging behavior of Identical composite material of more realistic geometries.
Also the relationships that are developed can be used to compare and correlate
data from different Investigators.
MATERIALS
i ,
Three monomers were used 1n formulating the 1500 molecular weight PMR
polylmlde matrix. These Include the monomethylester of 5-norbornene-2,3-
dlcarboxyllc add (NE) 4,4'-methylened1an1l1ne (MDA) and 3,3',4,4'-benzophe-
nonetetracarboxyllc dianhydrlde (BTOA). These were obtained from commercial
sources.
The reinforcement used In this study was the Celanese Cellon 12000 PI-03*
polylmlde sized fiber. The properties of the fiber are listed 1n table I.
LAMINATE FABRICATION AND SPECIMEN PREPARATION
Este,r1f1cat1on of BTDA to the dlmethylester of 3,3',4,4'-benzophenone
tetracarboxyllc add (BTOE) was accomplished by refluxlng the anhydride 1n a
50 wt A methanol solution. The monomer solution was prepared at room tempera-
ture by the addition of the three monomers 1n a 2 NE: 3.087 MDA: 2.087 BTDE
sto1ch1ometr1c ratio with the proper amount of methanol to make a 50 wt a solu-
tion. Laminate fabrication then proceeded via the following steps:
(1) Fiber winding. :
(2) Fiber Impregnation by the monomer solution. • "
(3) Ply cutting and layup. ,-
(4) Im1d1zat1on.
(5) Compression molding.
This procedure 1s fully described elsewhere (ref. 6), and yielded low
void, high quality laminates. A free standing postcure was given 1n air at
316 °C for 16 hr to complete the curing process.
A series of four Cellon 12000/PMR-15 laminates were fabricated. Laminate
(1-12) had a ten ply, unidirectional layup and had nominal measurements of
0.152 by 0.076 m. The fiber direction was parallel to the 0.152 m direction.
This laminate was machined Into specimens having the approximate geometries as
follows:
(1) 0.025 by 0.076 m coupons.
(2) 0.0051 by 0.076 m flexural specimens.
(3) 0.0051 by 0.0152 m shear specimens.
All of these specimens had a thickness of about 0.0025 m. Laminates
(1-41A) and (1-78B) also consisted of ten ply unidirectional layups having
0.203 by 0.076 m and 0.0916 by 0.0916 m overall dimensions respectively.
Laminate (1-78A) was fabricated using a 25 ply unidirectional layup having
overall dimensions of 0.203 by 0.076 m. The fiber direction again 1s 1n the
direction of the larger dimension. A complete 11st of specimen sizes are shown
1n table I.
PHYSICAL AND MECHANICAL PROPERTIES MEASUREMENTS
All thermal aging was done 1n air convection ovens. The air change rate
was lxlO~6 m3/m1n. The specimens were allowed to cool to room temperature
1n a desslcator before they were weighed. Macroscopic measurements were deter-
mined using dial calipers having an accuracy of i2.54xlO~5 m. Specimen dim-
ensions were measured and recorded every time the specimens were removed from
the oven for weighing. '
The densities of the composites were measured by a water displacement
technique as described 1n ASTM-D792.
The mechanical properties that were measured to monitor the properties
retention during the aging time were flexural and shear strengths. The appar-
ent horizontal shear strength was determined using the short beam method as
detailed 1n ASTM-D2433. The two support pins measured 0.0064 m 1n diameter
Instead of the recommended 0.0032 m diameter, and a span to depth ratio of 5:1
was used. The flexural properties were measured using the procedure described
1n ASTM-D790. A span of 0.064 m was used. This span yielded a span to depth
ratio of approximately 26:1 for most of the flexural specimens that were
tested.
All laminates were found to be ultrasonlcally sound. Using an add
digestion technique along with composite density measurement data, the void
contents of the composites were determined to be less than 0.6 vol A.
RESULTS AND DISCUSSION
Composite weight loss
The weight loss data are presented 1n figure 1. In figure l(a), one can
see that, as expected, the actual weight loss, 1n kg, 1s dependent on the size
of the specimen. However, 1f the data are plotted 1n terms of percent weight
loss, as 1n figure l(b), one can see that the weight loss 1s not significantly
controlled by the specimen weight or volume. The ranking of specimens on a
percent weight basis 1s Inverse to the ranking on a weight basis (fig. l(a)).
The ranking of the specimen does appear to suggest the Influence of a surface
phenomenon when one examines figure l(c). In this figure the weight loss 1s
presented as weight/unit area. The calculated ratios of surface areas 1n the
order; shear; flexural; coupon are 1: 4.1: 16.3. The ratios for weight losses
on a weight per unit basis for the three types of specimens are 1: 3.6: 14.4.
The surface area ratios and the weight loss ratios are 1n close agreement,
suggesting a significant effect of the specimen surface area on the absolute
weight loss magnitude. If one examines figure l(c) more closely, two points of
Interest are apparent. The first point 1s that the curves for the coupons and
the flexural specimens He very close together. In fact, a single curve could
adequately represent the data from both types of specimens, even though the
weight loss data are consistently slightly greater for the coupons than for the
flexural specimens. The second point of Interest 1s that the weight loss/unit
area for the shear specimens 1s significantly higher than those of the other
two types of specimens after Isothermal aging at 316 °C for over 1600 hr. One
might conclude from these two points that one type of surface might be experi-
encing a significantly greater weight loss than the other two types of
surfaces.
In exploring the above possibility, one can describe three different types
of specimen surfaces that comprise the total surface area of each,of the three
types of specimens. One of the surfaces 1s that surface which was compressed
by the metal die surface during the consolidation and curing of the laminate.
This surface 1s shown 1n figure 2 and 1s designated as surface SI. This sur-
face can be considered as being an "all resin" surface 1n the as-fabricated
condition. The second type of surface 1s the surface which 1s created by cut-
ting the specimen through the thickness 1n a direction parallel to the uni-
directional fibers. This surface 1s designated surface S2 1n figure 2. The
fraction of this surface, which 1s exposed matrix, 1s equivalent to the volume
fraction of matrix 1n the specimen. The third type of surface, S3 1n figure
2, 1s the surface created when one slices the specimen through the thickness
1n a direction normal to the fiber direction. The fraction of matrix exposed
to the environment on surface S3 1s also equal to the volume fraction of matrix
1n the specimen.
The areas of each of these three types of surfaces and the fractions of
the total exposed surfaces which are contributed by each type of surface for
each type of specimen are presented 1n table II. If one compares the data 1n
table II with the presentation of weight loss/unit area 1n figure l(c), 1t
appears that there might be a relationship between the fraction of surface,
S3, 1n the specimens and the ranking of the specimens from the data shown 1n
figure l(c).
In order to explore the possibility of such a relationship, as proposed
above, one can Ideate that during Isothermal aging of the graph1te/poly1m1de
composites, weight was being lost at three different rates from the three dif-
ferent surfaces. The rates (fluxes) are expressed 1n kg/sq m-hr. If the
relationship suggested by the comparison of the data 1n figure l(c) and
table II 1s real, then one may consider that the total weight loss from a
specimen, during Isothermal aging, 1s a function of both time and the fraction
of each type of area 1n a particular composite geometry. The relationship
between weight loss and time and surface area can be expressed as follows:
Delwt = [A1K1 + A2K2 + A3K3]tB (1)
Al, A2 and A3 = Areas of surfaces SI, S2 and S3 respectively.
Kl, K2 and K3 = Weight loss rates from surfaces SI, S2 and S3 respectively.
Delwt = Weight loss.
B = Constant.
This relationship Indicates that composite weight loss during Isothermal
aging 1s almost totally a surface phenomenon. It does not Involve the bulk
material within the,specimen to any significant degree during the 1600 hr time
span of this test program. Figures 3 to 5 show mlcrophotographs of sections
of the graph1te/poly1m1de composite specimens after being exposed to an
environment of 316 °C for various times. It does appear that for the times
Investigated 1n this study, the degradation of the composite 1s visibly
occurring at the surface and not 1n the bulk material.
It must be noted that there are differences between the depth of penetra-
tion of oxygen through the surfaces SI and S2 with that of S3. The amount of
material Involved 1n the degradation process through S3 appears to be signi-
ficantly greater than the amounts of material which have degraded along the
other two types of surfaces. These figures (3 to 5) corroborate the assump-
tions previously made and based on figure l(c) and table II, that the weight
losses of the three types of specimens studied were significantly Influenced
by the amount of surface, S3, that was exposed to the environment.
To further test the validity of the above assumptions, a number of regres-
sion analyses were run to fit the weight loss data to an equation similar to
equation (1). The calculations were made using an HP Statistical Library
Program (HP 98820). The aging data for the three types of specimens were
fitted to an equation of the form :
Oelwt = c t DtB (2)
The calculated equations, data points and curves are shown 1n figures 6
to 8 for each of the types of specimens studied. Note the spread 1n data
Increases as the time of exposure Increases.
If one compares equations (1) and (2), 1t 1s evident that:
D = [A1K1 + A2K2 + A3K3] (3)
K and A are as defined for equation (1). If this relationship 1s
valid, then one should be able to solve the four equations presented 1n
figures 6 to 8 for the three weight loss fluxes (Kl, K2, K3) from the surfaces
SI, S2 and S3. These equations were solved simultaneously and the calculated
K values are as follows:
Kl = 1.817xlO-7 kg/sq m-hr1-82
K2 = 4.652xlO-8 kg/sq m-hr1-82
K3 = 1.648xlO-6 kg/sq m-hr1-82
These values Indicate that the greatest loss of composite weight 1s from the
ends cut perpendicular to the unidirectional fibers (S3).
The weight loss from the compressed (molded) surface 1s calculated to be
four times that of the surface cut parallel to the fiber direction. If one
considers the molded surface to Initially consist totally of matrix material,
this surface has 2.2 to 2.5 times more matrix exposed to the environment than
does the cut surface. Laminate fiber volume fractions vary from 0.55 to 0.60.
The lower calculated weight loss flux for the cut surface may be due to a pro-
tective mechanism provided by the fibers. This could entail the retardation of
oxygen diffusion Into the specimen. The order of magnitude of the difference
between the loss fluxes between surfaces S3 and SI 1s not unexpected as others
(refs. 1 and 2) have postulated accelerated weight losses from these end
surfaces.
Although the numerical values presented herein were acquired empirically,
they can be rationalized as being reasonable numbers.
Under the condltons of this study, the time exponent, B, 1s 1.82 and 1t
appears to be Insensitive to geometry. When one performs a regression analysis
using the data measured by Nelson for Cellon 6000/PMR-15 composites aged for
times up to 15 000 hr at 232 °C, the exponent, B, 1s almost unity. In order
to satisfactorily explain the significance of the time term 1n equation (2), a
more extensive testing program must be developed.
Even though the calculated values of weight loss fluxes appear to be
reasonable values, the credibility of these values must be confirmed by using
them to predict Isothermal aging weight losses for specimens with different
dimensions.
Three laminates were fabricated for this purpose. Their dimensions and
weights are listed 1n table II. The monomers were mixed separately from the
monomers used to fabricate laminate (1-12).
One of the laminates fabricated (1-78A) was fabricated with a surface
area equal to that of the coupons from laminate (1-12) but with a thickness
twice as great. The weight loss data are shown as a function of time 1n
figure 9. The open circles are the predicted values of weight loss from the
equations calculated by regression analysis.
Similar curves are presented 1n figures 10 and 11 for two other composite
laminate specimens which were Isothermally aged at 316 °C. In figure 10, data
for a 0.073 by 0.073 by 0.0022 m laminate (1-78B) are presented. The observed
data, the predicted data, and the calculated curve are all presented 1n this
figure. The results of the regression analyses predict weight loss values
slightly higher than those observed. The average difference 1s 5.0 percent
with a maximum of 6.5 percent at 1525 hr. This 1s a reasonable prediction.
Figure 11 shows observed and predicted weight loss values for a 0.073 by
0.173 m laminate specimen. This specimen contains about six times the surface
area of the smaller coupon specimen. The predicted data and the observed data
agree very closely. Again, the values of the observed data are slightly lower
than those of the predicted values.
Overall, the three weight loss fluxes calculated from the graphite/
polylmlde weight loss data appear to be reasonable values which can be used to
predict composite material response to Isothermal aging for times up to about
1600 hr at 316 °C.
SURFACE AREA CHANGES
The surface areas and volumes used 1n computing weight loss fluxes are
based on the original macroscopic dimensions of the specimens that were made
prior to the Initiation of aging. In order to account for the possibility of
6
error 1n the calculations due to surface area changes during aging, the changes
1n surface areas were monitored. The changes 1n surface areas were between
-2.0 and -3.5 percent. This was considered to be negligible.
COMPOSITE MECHANICAL PROPERTIES
Mechanical property differences between precut, aged flexural and shear
specimens and Identical specimens freshly cut from aged coupons are shown 1n
figures 12 and 13. Since 1t appears that the aging of the composites causes
no appreciable degradation of the bulk of the composite material, the degrada-
tion of the mechanical properties of the specimens cut from the aged coupons
should be due to the degradation of the two S2 surfaces. Then 1t can be
rationalized that any differences between mechanical properties of the aged,
precut specimens and the freshly cut, aged specimens 1s due to the cut edge
deterioration 1n the precut test specimens.
If one compares the flexural strengths of the two types of aged specimens,
as shown 1n figure 12, 1t appears that the above reasoning may be true. If
one uses the effective widths (undegraded material) of the two types of speci-
mens to calculate ultimate loads, one finds that the precut specimen should
fall at a load or apparent flexural strength of 0.85 those of the freshly cut
specimen. This would result 1n an apparent flexural strength of 0.78 GPa.
This value 1s for a specimen that has been aged for 1639 hr at 316 °C. The
observed value as shown 1n figure 12 1s 0.75 GPa.
If one performs the same types of calculations to determine shear test
loads or apparent shear strengths, one will find that the predicted apparent
shear strength for the precut specimen, aged for 1639 hr 1s 35.5 MPa. The
observed value ^s 26.2 MPa. The short beam shear specimens were tested using
an overhang of 1.6xlO~2 m. The measured length of oxygen penetration Into
the cut ends of the shear specimens that were aged for 1639 hr 1s 3.9x10-2
 m-
This means that the the oxidized end material was supporting the specimen dur-
ing the test. When the specimen 1s visually examined, there are no signs of
failure 1n the specimen where 1t was supported by the two end pins. The vis-
ible evidence of failure 1s that of compresslve failure 1n the center of the
top surface where the load pin contacted the specimen. The load-time traces
recorded by during the testing also Indicate a bearing failure as the mode of
failure. One other Item of Importance 1n assessing the validity of short beam
shear test results from precut aged composites 1s that due to the large amount
of cracking occurring at the ends of the specimens, the shear failure may start
at the end of one of the cracks. This would then alter the test to a test for
measuring crack sensitivity rather than a test for measuring shear strength.
While the flexural failure strength can be reasonably well explained 1n a
simple manner by the specimen degradation, the short beam shear strength reduc-
tions are due to more complex causes. It appears that from the results of this
study, the short beam shear strength of an aged, precut specimen cannot be
measured with an degree of confidence.
CONCLUSIONS
This study confirms the results of previous work (refs. 2 to 5) that the
Isothermal aging behavior and the mechanical properties retention of graphite
fiber reinforced composites are Indeed geometry dependent. In both Instances,
1t appears that as the surface area of the specimen decreases, the degradation
effect of the aging process Increases. In all cases, Including this study, the
enhanced degradation 1s attributed to specimen edge surface effects of edge
surfaces perpendicular to the fiber direction.
The significant conclusions from this study, basically provide detail and
clarification to the general conclusions presented above. These conclusions
are listed as follows:
1. Surface weight loss rate values for composites can be calculated from
aging data.
2. The weight loss of graphite fiber reinforced composites 1s a function
of time to the 1.82 power. This 1s not dependent on the geometry of the
specimen.
3. Weight losses can be reasonably predicted for graphite fiber rein-
forced composites of arbitrary geometries.
4. The high temperature aging degradation of the through-the-th1ckness
fiber end surface 1s almost one order of magnitude greater than the compressed
surface, and almost 40 times greater than the surface cut parallel to the
fibers.
5. It appears that flexural strength retention, during aging, can be
related to weight loss and 1s geometry related.
6. Short beam shear strength degradation 1s geometry dependent and 1s
susceptible to a number of mechanisms which can cause nonshear failure to
occur.
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TABLE I. - PROPERTIES OF
CELION 12 000
PI-03 FIBERS
Tensile strength, HPa
Modulus, GPa
Elongation, percent
Density, Kg/m3
3889.7
235.2
1.65
17.8
TABLE II. - SPECIMEN DIMENSIONS
Laminate
Shear (1-12)
Flexure (1-12)
Coupon (1-12)
Thick coupon (1-78A)
Laminate 1 (1-41A)
Laminate 2 (1-78B)
No.
43
22
10
9
1
1
Thick,
mx!03
2.46
2.44
2.44
5.36
2.39
2.16
Wide.
mxl03
5.21
5.21
25.40
24.92
72.64
93.09
Long,
m
0.0156
0.0703
0.0735
0.0652
0.1730
0.0967
Volume,
m3xlQ7
1.60
8.00
45.90
86.90
308.10
195.00
Surface area,
mxlO4
2.64
11.03
42.13"
42.13
264.90;
188.26
End area,
mxlO4
0.26
0.26
1.23
2.64
3.48
4.00
.80
^ .60
J,o
S .20
0
2.00
in§ 1.60
h-
5 1.20
O COUPON
D FLEXURE
A SHEAR
o
GtL
.80
.40
.22
CSJ
i, -18
.^
LO"
§ .12
i—
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(a) Weight.
(b) Percent weight.
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AGING TIME, hr
1600 2000
(c) Weight per unit area.
Figure 1. - Weight loss data from (1-12) laminate specimens.
Figure 2. - Specimen surfaces.
S3
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S3
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S2 SURFACE
Figure 3. - Through-the-thickness surface of a com-
posite specimen aged for 1639 hr at 316° C. Light
area is degraded material. Thickness is about
0.0024m.
Figure 4. - Composite section parallel to S2 surface.
Material was aged for 1639 hr at 316 °C. Light area
is degraded material. Width is about 0.0051 m.
Figure 5. - Typical appearance of the interior of
Celion 12000/PMR-15 composite specimen after
aging at 316 °C for 1639 hr. Specimen thickness
is2.54xlO"3m.
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Figure 6. - Weight loss data and weight loss equation
for (1-12) laminate coupons. Aging done at 316 °C.
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Figure 7. - Weight loss data and weight loss equation
for (1-12) laminate flexure specimens. Aging done
at316°C.
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Figure 8. - Weight loss data and weight loss equation
for (1-12) laminate shear specimens. Aging done
' at 316 °C.
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Figure 9. - Comparison of predicted and observed
weight loss data for thick laminate (1-78A).
Aging done at 316 °C.
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Figure 10. - Comparison of predicted and observed
weight loss data for laminate (1-788). Aging
done at 316 °C.
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Figure 11. - Comparison of predicted and
observed weight loss data for laminate
(1-41A). Aging done at 316 °C.
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Figure 12. - Comparison of flexural strengths of precut and large
composite specimens after aging at 316 °C. Tests conducted at
316 °C.
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Figure 13. - Comparison of mterlaminar shear
strengths of precut and large composite »
specimens after aging at 316 °C. Tests con-
ducted at 316 °C.
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